A 5 nuclease assay has been developed to detect viable Listeria monocytogenes. The assay targets the hemolysin A (hlyA) transcript, which is found only in L. monocytogenes. The single-tube, reverse transcriptase (RT), fluorogenic probe-based assay was formatted by using Tth DNA polymerase whose activity was modulated by using the manganese-chelating morpholinepropanesulfonic acid (MOPS) buffer. This assay was quantitative over a 3-log-unit range of template concentrations when tested with an in vitro-transcribed hlyA mRNA. The viability of L. monocytogenes was reduced by heating at various temperatures and times up to a maximum of a 9-D inactivation. The location of the primer had a pronounced effect on the utility of the assay, and primers located in the most distal regions of the hlyA transcript appeared to correlate with the number of CFU while primers located more internal on the amplicon overestimated the cell viability. The assay with primers that included the 3 end of the transcript was an accurate indicator of viability as measured by CFU determination or staining with 5-sulfofluorescein diacetate.
A 5 nuclease assay has been developed to detect viable Listeria monocytogenes. The assay targets the hemolysin A (hlyA) transcript, which is found only in L. monocytogenes. The single-tube, reverse transcriptase (RT), fluorogenic probe-based assay was formatted by using Tth DNA polymerase whose activity was modulated by using the manganese-chelating morpholinepropanesulfonic acid (MOPS) buffer. This assay was quantitative over a 3-log-unit range of template concentrations when tested with an in vitro-transcribed hlyA mRNA. The viability of L. monocytogenes was reduced by heating at various temperatures and times up to a maximum of a 9-D inactivation. The location of the primer had a pronounced effect on the utility of the assay, and primers located in the most distal regions of the hlyA transcript appeared to correlate with the number of CFU while primers located more internal on the amplicon overestimated the cell viability. The assay with primers that included the 3 end of the transcript was an accurate indicator of viability as measured by CFU determination or staining with 5-sulfofluorescein diacetate.
Conventional culture methods for the isolation and characterization of Listeria monocytogenes are both time-consuming and unreliable, especially for the isolation of thermally injured or stressed organisms (15, 23-25, 33, 34, 36) . Antibody-and nucleic acid-based assays are more rapid and specific for the detection of food-borne pathogens than are conventional culture-based methods (13) . Nucleic acid probe-based assays are commercially available but require enrichment to achieve the desired detection levels (22, 28, 40) . The advent of PCR (43) and alternative amplification methods have led to the development of numerous assays for the detection of L. monocytogenes in food and environmental samples (2, 4-6, 8, 11, 14, 16, 17, 20, 21, 42, 47, 48, 53, 54) . These assays are more sensitive and can potentially detect nonculturable organisms. PCR products can be detected by agarose gel electrophoresis or in postamplification hybridization capture assays. However, these formats require extensive postamplification handling and do not yield quantitative results.
A fluorogenic 5Ј nuclease-based assay for the detection of L. monocytogenes with hlyA (hemolysin) as the target has been developed (2) . The endogenous 5Ј33Ј nuclease activity of Thermus aquaticus DNA polymerase (27, 31) generates a quantifiable signal by hydrolysis of a dual-fluorophore-labeled oligonucleotide probe during amplification (27, 31, 32) . The oligonucleotide probe has a covalently attached fluorescent reporter dye and quencher dye and is included directly in the PCR master mix. The fluorogenic probe is digested by the Taq DNA polymerase only when it is hybridized to the amplicon, and it therefore provides a quantitative measure of template concentration (2) . An increasing array of 5Ј nuclease assays have been applied to detect or distinguish between a wide variety of targets including c-erb-2 oncogenes (18), V␤ repertoire (30) , Salmonella (12), hepatitis C virus (37, 39) , human papillomavirus (49), leafroll virus (45) , and Escherichia coli SLT-1 (55) .
L. monocytogenes is commonly isolated from raw milk, but it does not survive standard pasteurization in milk (9, 10, 33) .
Direct PCR-based assays of pasteurized dairy products can result in false-positive results due to the amplification of DNA released from nonviable cells (35) . An assay that discriminates between viable and nonviable organisms would therefore be an attractive screening tool. Blais et al. recently reported the development of a nucleic acid sequence-based amplification system targeting hlyA sequences in an assay involving hybridization with a capture probe for product detection (6) . This assay is amenable to the detection of viable organisms in food after enrichment, but care must be taken to minimize falsepositive reactions. Reverse transcriptase PCR (RT-PCR) has recently been applied to the detection of viable bacterial pathogens including Vibrio cholerae and L. monocytogenes (3, 26, 29) . Postamplification detection of PCR products is achieved by visual scoring after agarose gel electrophoresis or by Southern hybridization.
We report a modification of the 5Ј nuclease assay to detect mRNA as a monitor of viability. This assay has potential as a rapid and specific method for the detection of viable L. monocytogenes. The assay was first optimized by using an in vitrotranscribed RNA template and then applied to the detection of L. monocytogenes mRNA isolated from thermally treated cultures.
MATERIALS AND METHODS
Bacterial strains, medium, and culture conditions. L. monocytogenes DL 689426 was grown in tryptic soy broth (TSB) plus 0.6% yeast extract (YE) (Difco Laboratories, Detroit, Mich.) at 37°C with shaking to an optical density at 600 nm of 1.0. Viable counts were performed in duplicate by plating serial dilutions onto TSA (Difco Laboratories) plus 0.6% YE and incubating the plates at 37°C for 24 h.
Heat treatment of L. monocytogenes. A 1.2-ml aliquot of L. monocytogenes DL 689426 culture was transferred to a 1.5-ml screw cap polypropylene tube and held at 60°C for 45 min. A 1-ml volume was used for RNA preparation, and 100-l aliquots were used for measurement of viable counts. Alternatively, 3 ml of culture was transferred to a 1.2-by 10-cm glass tube (1 mm thick), which was placed into a boiling-water bath for 10 min. RNA template was prepared from 1-ml aliquots. Aliquots of 1 ml were used for viability staining, and 100-l aliquots were used for measurement of viable counts.
RNA template preparation. Total RNA was prepared from L. monocytogenes cultures by using the RNeasy mini-kit as specified by manufacturer (Qiagen). A 1-ml volume of culture was collected and centrifuged at 5,000 ϫ g for 5 min at 4°C. The supernatant was discarded, and the cell pellet was resuspended in 100 l of TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0]) containing 1 mg of lysozyme per ml. The tube was vortexed gently for 5 s and incubated at room temperature for 10 min. A 350-l volume of lysis buffer RLT containing 10 l of ␤-mercaptoethanol per ml was added, and the sample was vortexed vigorously for 5 s. A 250-l volume of 100% ethanol was added to the lysate and mixed thoroughly by pipetting. The sample lysate was then applied to the RNeasy spin column and centrifuged at 8,000 ϫ g for 15 s. The flowthrough fraction was discarded, and the column was washed by adding 700 l of wash buffer RW1 and centrifuging at 8,000 ϫ g for 15 s. The column was placed into a new collection tube and washed with 500 l of wash buffer RPE as described above. The column was then washed with an additional 500 l of wash buffer RPE and centrifuged for 2 min at maximum speed to ensure dryness of the column membrane. The RNA was eluted by adding 40 l of diethylpyrocarbonate-treated deionized water (44) and centrifuging the column at 8,000 ϫ g for 1 min. It was stored at Ϫ70°C and was diluted 10-fold prior to use as a template for the RT-5Ј nuclease assay.
DNase and RNase treatments. Extracts were treated with DNase or RNase before being used as templates to determine the contribution of mRNA to the 5Ј nuclease assays. RQ1 DNase (Promega Inc.) or RNase A (Sigma Chemical Co., St. Louis, Mo.) was added to the template to final concentrations of 10 U/ml and 0.02 mg/ml, respectively, and the mixtures were incubated for 15 min at 37°C.
RT-5 nuclease PCR coupled assay. PCR primers HLYP8 and HLYP9 amplify a 211-bp fragment of L. monocytogenes hlyA ( Table 1 ). The fluorogenic probe HLYAP15 (Table 1 ) hybridizes 16 bp downstream of HLYP8 (Fig. 1) . The probe was designed and synthesized as reported by Bassler et al. (2) . Assays were performed with the GeneAmp EZ rTth RNA PCR kit (Perkin-Elmer). Each 50-l reaction mixture contained 1ϫ EZ buffer (Perkin-Elmer), 3.0 mM manganese acetate, 0.3 mM each dATP, dCTP, dGTP, and dTTP, 0.45 M each primer, 26 mM probe HLYAP15, 10 U of rTth DNA polymerase, and 5 l of template. The cycling parameters were a modification of the conditions for the 5Ј-nuclease PCR assay described by Bassler et al. (2) , and cycling was performed in either the GeneAmp PCR system 2400 or 9600. The samples were held initially at 60°C for 30 min for the reverse transcription step. Amplification cycling began with 2 min at 95°C followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 90 s. A final extension step of 72°C for 10 min was followed by a hold at 4°C. The RT-5Ј nuclease assays with HLYP8 and HLYP4R or HLYP2 (Table 1) were performed as described for assays with HLYP8 and HLYP9. The RT-5Ј nuclease assay with HLYP1 and HLYP2 was performed with the same reaction setup, except that 2.5 mM manganese acetate and 0.50 M each primer were used.
Postamplification analysis. The fluorescence intensities of the reporter dye (FMA; 6-carboxyfluorescein) and the quencher dye (TAMRA; 6-carboxytetramethylrhodamine) were quantified with an LS 50 B luminescence spectrometer (Perkin-Elmer) as described by Bassler et al. (2) , except that 40 l of undiluted amplification product was loaded into a microwell plate for analysis. Data was acquired with the fluorescence data manager (Perkin-Elmer), and ⌬RQ (2) was calculated with Excel (Microsoft Inc., Redmond, Wash.) software.
SFDA staining. Viability staining with 5-sulfofluorescein diacetate (SFDA) was carried out by a modification of the method described by Tsuji et al. (51) . A 1-ml volume of cells was washed three times with phosphate-buffered saline (8.00 g of NaCl per liter, 0.20 g of KCl per liter, 1.44 g of Na 2 HPO 4 per liter, 0.24 g of KH 2 PO 4 per liter [pH 7.4]) and suspended in 1.0 ml of phosphate-buffered saline. SFDA (Molecular Probes, Inc., Eugene, Oreg.) suspended in 60% ethanol was added to a final concentration of 300 M, and the solutions were mixed thoroughly by inversion. The tubes were incubated in the dark at 37°C for 20 min and immediately examined by fluorescence microscopy. Wet mounts of the staining mixture were examined at ϫ40 and ϫ100 magnification with a Labophot-2 light microscope fitted with an episcopic-fluorescence attachment EFD-3 (Nikon Inc., Tokyo, Japan). Fifty fields on each slide were viewed with the B-2E/C (465-to 495-nm) excitation filter, and organisms exhibiting green fluorescence were interpreted as being viable.
RESULTS
In vitro-transcribed RNA as a template for the RT-5 nuclease assay. The relative specificity of the RT-5Ј nuclease assay toward RNA was evaluated with an in vitro-transcribed RNA template compared to the DNA template. The linearized plasmid containing the L. monocytogenes hlyA sequence was used as a template for the in vitro transcription reaction. A DNA template was provided by omitting the T7 RNA polymerase (T7) in a duplicate transcription reaction. Purified products were serially diluted 10-fold and used as templates for the RT-5Ј nuclease assay (Fig. 2) . The average ⌬RQ values for 10 Ϫ1 to 10 Ϫ3 dilutions of RNA template remained relatively constant, ranging from 8.16 to 7.96. They then decreased as the template was diluted from 10 Ϫ4 to 10 Ϫ7 , when the ⌬RQ was below the threshold. The ⌬RQ values for the DNA template at dilutions of 10 Ϫ1 to 10 Ϫ3 were similar to those for the RNA template. However, they dropped off more dramatically at 10 Ϫ4 and were below the threshold ⌬RQ at the 10 Ϫ5 dilution, in contrast to the RNA template.
Optimization of the RT-5 nuclease assay. The RT-5Ј nuclease assay conditions were optimized for both manganese acetate and primer concentrations. A 10 Ϫ2 dilution of the in vitrotranscribed 858-bp hlyA fragment served as template. The concentration of manganese acetate was varied from 2 to 6 mM, and the highest average ⌬RQ value, 7.18 Ϯ 0.92, was observed with 3 mM manganese acetate. The concentrations of the HLYP8 and HLYP9 primers were varied from 0.35 to 6.0 M. The ⌬RQ value rose from 6.94 to 7.32 as the primer concentration was increased from 0.35 to 0.45 M, after which the ⌬RQ value was constant.
Half-life of hlyA mRNA. The half-life of the hlyA mRNA is critical in establishing the relationship between the ⌬RQ and 
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the CFU of L. monocytogenes. The kinetics of hlyA mRNA degradation were studied by isolating RNA from cells stored at room temperature for 0, 3, and 6 h after boiling (Fig. 3) . Viable counts were always Ͻ10 CFU/ml, and for up to 6 h after boiling, approximately 1% of the cells were stained by SFDA. The ⌬RQ for the total nucleic acid extraction remained steady at approximately 7.4 for up to 3 h and then decreased to 7.05 by 6 h for assays with primers HLYP8 and HLYP9. The ⌬RQ values for RNA template were also relatively constant and even rose slightly by 6 h to 3.10. Overall, however, the values for the RNA extracted from heated cells were significantly lower than when total nucleic acids were used as the template. This result confirmed that the RNA template was more labile than the total nucleic acids and might serve as a satisfactory indicator of cell viability. The effect of the reverse primer position on ⌬RQ values for RNA template isolated from cells immediately after and up to 6 h after boiling was also evaluated. HLYP8 was used in conjunction with a series of primers, HLYP2, HLYP4R, or HLYP9, which altered the position of the 3Ј end of the amplicon (Fig. 1) . In general, the ⌬RQ values for the total nucleic acid extracts in the initial cultures were similar for all primer sets and ranged from 7.31 to 7.71 (Fig. 3) . The ⌬RQ values decreased slightly (on the order of 8 to 15%) after boiling, and the greatest decrease was observed for HLYP8 and HLYP2. In contrast, the ⌬RQ values for RNA templates prepared 0, 3, and 6 h after boiling decreased approximately 93 and 94% when HLYP8 was used in combination with HLYP4R or HLYP2, respectively. The differences between the ⌬RQ values obtained for RNA and for total nucleic acids were more pronounced for the primer sets HLY8-HLY4R and HLY8-HLY2, which probed the 3Ј extremes of the transcript (Fig. 1) .
Detection of viable cells in the RT-5 nuclease assay. The RT-5Ј nuclease assay was evaluated for its ability to detect varying numbers of viable cells in a constant number of nonviable cells. After growth to an optical density at 600 nm of 1.0, an aliquot of cells was boiled for 10 min and used as diluent for non-heattreated cells. Cells were serially diluted sevenfold, plated to determine viable counts, and used for RNA extraction.
The viable counts for non-heat-treated cells were 3.6 ϫ 10 9 CFU/ml. Greater than a 9-log-unit reduction (Ͻ10 CFU/ml) was observed after the cells were boiled for 10 min. The average ⌬RQ values obtained for total nucleic extracts of non-heattreated cells were 7.20 Ϯ 0.01 with primers HLYP1 and HLYP2 and 9.45 Ϯ 0.05 with primers HLYP8 and HLYP9 (data not shown). The ⌬RQ values obtained with the RNA template were 4.85 Ϯ 0.72 and 9.27 Ϯ 0.20 with the above primers, respectively (Fig. 4) . For both primer sets, the ⌬RQ values decreased for the RNA templates as the viable counts decreased. Average ⌬RQ values for RNA templates with primers HLYP1 and HLYP2 decreased to 0.14 Ϯ 0.04 when the number of CFU per milliliter decreased to 10 1 , while the same dilution of cells had an average ⌬RQ value of 0.88 Ϯ 0.06 with primers HLYP8 and HLYP9. The ⌬RQ values for both the HLYP1-HLYP2 and HLYP8-HLYP9 primer sets were scored positive (above the threshold for a no-template control) for 10 3 and 10 1 CFU/ml, respectively. However, linearity was not good below 10 6 per ml for either set of primers.
DISCUSSION
The first step in adapting the 5Ј nuclease assay to use RNA as a template involved demonstrating that RNA could serve as a template. The ⌬RQ of the RT-5Ј nuclease assay with total nucleic acid extracts from L. monocytogenes lysates was reduced by treatment of the lysates with RNase, indicating that RNA was serving as a template in the RT-5Ј nuclease assay. Tth DNA polymerase has a documented RT activity when incubated in the presence of manganese (38) . Tth DNA polymerase also has a reported nuclease activity, making it suitable for 5Ј nuclease-based assays. Reverse transcription-based assays involving a combination of avian myeloblastosis virus reverse transcriptase and Tfl DNA polymerase and a fluorogenic probe have been performed (19) . Further and more conclusive supporting evidence that RNA is serving as the template in a Tth DNA polymerase RT-5Ј nuclease assay is provided by reports on viral detection (37, 39, 45, 49) .
While direct DNA-based amplification assays offer a time advantage over more traditional culture-based methods, they cannot distinguish between viable and nonviable organisms. In this study, L. monocytogenes was heat inactivated, and hlyA mRNA was measured by the RT-5Ј nuclease assay. DNA is a relatively stable molecule and does not degrade rapidly upon cell death, in contrast to RNA (35) . Even 6 h after boiling, while the CFU was reduced by more than 9 log units, the ⌬RQ from RT-5Ј nuclease assays with a total nucleic acid extract was 83 to 95% of the initial ⌬RQ before boiling. Removal of DNA from this total nucleic acid extract by treatment with DNase uncovered the contribution and lability of the RNA in heat-treated cells. A better correlation between ⌬RQ values for RNA templates and the number of viable cells was observed, however, when the appropriate set of primers was used.
The RT-5Ј nuclease assay with HLYP8 and HLYP9 was not a good indicator of viability in L. monocytogenes and led to the evaluation of a larger, 858-bp fragment of hlyA mRNA as a target. The ⌬RQ values obtained with HLYP1 and HLYP2 for RNA templates extracted from approximately 10 8 CFU of boiled L. monocytogenes cells were below the threshold. These results showed good correlation with the viability status of L. monocytogenes as determined from measurement of viable counts. In contrast, when DNA was not removed the ⌬RQ value dropped Ͻ10%. Similarly, ⌬RQ values decreased when HLYP1 and HLYP2 were used for RNA templates extracted from decreasing numbers of noninjured cells in a constant background of nonviable cells.
Degradation of mRNA is a complex process involving cellular endo-RNases and 3Ј-exonucleases, with the rate being largely dependent upon the susceptibility of the transcript (1). The most relevant mRNA features include repetitive extragenic palindromic sequences; 3Ј stem-loop structures, including rho-independent transcriptional terminators; and the association of mRNA with ribosomes, RNA binding proteins, and antisense RNA (1). A 3Ј-end stem-loop effectively impedes the progress of 3Ј-exonucleases and protects upstream RNA from digestion. The degradation process is generally independent of transcript size and secondary-structure sequence (1, 41) . The hlyA transcript, along with the bicistronic mRNA for actA and plcB, has a half-life of up to 20 min (7). The differences in ⌬RQ values for the RT-5Ј nuclease assay when different 3Ј primers were used are consistent with a more rapid degradation of the 3Ј end of the mRNA. The most significant secondary structure (in terms of free energy [⌬G ϭ 102 kcal at 37°C]) is located around nucleotides 2000 to 2200, which could account for the dropoff in the longevity of the amplicon defined by the reverse primer HLYP4R compared to that defined by HLYP9 (GenBank accession no. M24199 and M29030).
The ability to distinguish between viable and nonviable organisms is crucial in avoiding false-positive reactions, which might be encountered in direct PCR-based assays. Thermal processing of a food reduces the number of viable L. monocy- VOL. 65, 1999 RT-5Ј NUCLEASE ASSAY OF VIABILITY IN L. MONOCYTOGENEStogenes cells, but sufficient DNA might remain to give a positive result in a DNA-dependent PCR-based test. The presence of amplifiable L. monocytogenes DNA in media subjected to a number of treatments, including acid and heat, has been reported (26) . In that work, however, adequate proof of the utility of a single-tube RT-PCR assay was lacking. However, effective detection of viable L. monocytogenes was provided by using a two-step RT-PCR with Moloney murine leukemia virus and Taq DNA polymerase, consecutively (26) . More recently, a single-step RT-PCR method involving Southern blot hybridization to increase sensitivity was reported (29) . A requisite enrichment was incorporated into this study, and a number of different amplicons including hlyA were investigated, with iap being selected as the most useful amplicon. The overall assay took 54 h to complete. The specificity for the assay in terms of using only RNA as a template was inferred from comparisons of PCR and RT-PCR, with the former being carried out with a different enzyme (AmpliTaq) from the latter (rTth DNA polymerase). Verification that only viable cells were amplified was provided by using autoclaved cells which did not yield a PCR product in the RT-PCR assay, in contrast to the PCR assay. The need for Southern hybridization in this assay would limit throughput and automation. We believe that the RT-5Ј nuclease assay has the potential to provide a rapid, sensitive, and specific method for the detection of viable L. monocytogenes. The development process of this assay highlighted several factors that affect its outcome. Recent studies revealed that environmental factors, including growth phase, pH, and environmental (osmotic, heat, and nutritional) stress, can influence the nature and amount of nucleic acids (50, 52) . The physiological state of the cell can also influence the ability of a cell population to be lysed and to then contribute representatively to the template available for amplification (46) . In addition, the kinetics of mRNA degradation, even for the same transcript, might be different under different environmental conditions and in different strains. The difficulties in cataloging the nature and physiological history of the cells that might be present in a food sample make a quantitative assay of viability based upon RNA difficult.
